Abstract Rapid progress in rice genomics is making it possible to undertake detailed structural and functional comparisons of genes involved in various biological processes among rice and other plant species, such as Arabidopsis. In this review, we summarize the current status of rice genomics. We then select two important areas of research, reproductive development and defense signaling, and compare the functions of rice and orthologous genes in other species involved in these processes. The analysis revealed that apparently orthologous genes can also display divergent functions. Changes in functions and regulation of orthologous genes may represent a basis for diversity among plant species. Such comparative genomics in other plant species will provide important information for future work on the evolution of higher plants.
INTRODUCTION
Rice is emerging as a model cereal for molecular biological studies (27, 43) . The main reasons for this are as follows: (a) The complete genome has been sequenced. Although the complete rice genome sequence is the proprietary information of a private company, an international group is expected to generate complete genome sequences that will be accessible to anyone in the near future. In addition, a large expressed sequence tag (EST) database is available to researchers, facilitating a quick identification of genes of interest. (b) Tools for functional genomics are available. Transposon-and T-DNA-tagged rice populations exist, and the microarray technology for studying mRNA expression profiles is available. (c) Production of transgenic plants is relatively easy compared to that of other major cereals. Efficient use of Agrobacterium-mediated transformation (36) made routine use of transgenic rice possible for a variety of research purposes.
Because each topic listed above has been recently reviewed, this article does not review in detail the current progress in rice genomics. Because of the progress in rice genomics, a number of novel studies are becoming possible. One exciting area of research is the comparative analysis of gene functions among rice and other cereals and between rice and Arabidopsis. One important outcome of such comparative gene analysis is the insight that will be gained into the evolutionary aspects of gene functions in higher plants. Moreover, because rice genes are structurally and functionally homologous to a high degree with corresponding genes in other major cereals, knowledge obtained from rice genes can be used to study them in other cereals.
For this review, we chose two important areas of plant biology, reproductive development and defense signaling, and compared the structures and functions of rice genes with corresponding genes in other species, mainly those in Arabidopsis. Similar analyses with many other plant species will become possible in the future, and we hope that this review will provide one of the first attempts using available information on rice and Arabidopsis genomes.
RICE GENOMICS

Genome Sequencing
The complete sequencing of the genome of a japonica variety, Nipponbare, was reported by a private company in early 2001 although it has not been released to the public. The sequence information, which covers approximately 80% of the rice genome, was generated by another private company, and it is accessible to researchers worldwide. The International Rice Genome Sequencing Project (IRGSP) is under way, and it will completely sequence the genome of the same japonica variety in two years. Therefore, at the time of this writing (August 2001), a large body of rice sequence information is available worldwide to any researcher. Current information on the progress of the public effort is available on the World Wide Web (http://rgp.dna.affrc.go.jp/). The amount of information on the rice genome that is currently publicly available is enormous, and it is of great help in the identification of genes for various research purposes (65) . At the moment, comparable amounts of genome information are not available for any other monocots.
EST Database
With respect to the EST database of rice genes, approximately 50,000 ESTs are currently registered. Furthermore, sequencing of full-length cDNAs is under way by the Rice Genome Research Project (RGP) in Tsukuba, Japan, and these data will be available in the near future. The information on the full-length cDNA will be extremely important for the functional genomics and proteomics of rice, and because no complete full-length cDNA data are available for any other plant genomes, it will have great impact on future studies of plant genomics in general.
Gene-Tagged Lines
Several experimental approaches have been undertaken to develop rice lines in which genes are randomly tagged by insertion elements (31, 39, 41, 45) . Since the first introduction of maize Ac/Ds into rice (40, 91), variously modified constructs have been introduced into rice (14, 32, 75) . Their usefulness for the functional genomics of rice has been shown (22), but more information about their transposition in rice plants over several generations is needed to develop an efficient gene-tagging system. One major concern is that transpositions in rice may not be particularly stable, which would make it possible for Ac/Ds to become silent over several generations in the majority of the plant population (41). As a more systematic application of Ac/Ds is being tried on a larger scale, a more efficient use of the materials is anticipated for the functional identification of rice genes.
Tos17 is a retrotransposon of rice, and its transposition is activated through tissue culture (38). Because Tos17 has this property, it has been developed as a tag for the functional genomics of rice. Currently, a large population of plants derived from tissue cultures, in which Tos 17 is distributed over the entire genome, is being developed (39). The Tos 17 system is useful for tagging new genes based on mutant phenotypes as well as for screening knockouts of genes of known sequences. Because the Tos 17 system is endogenous, an advantage of its use is that there is no special regulation for mutant screening when conducting a largescale cultivation of plants.
Because Agrobacterium-mediated transformation is efficiently used for rice (36), T-DNA can also be used as a tag for rice genes. An analysis of T-DNAtagged lines of rice was performed (47), and the current major question concerns the determination of the maximum background mutation rate caused by tissue culture. It would be ideal to have different gene-tagging systems for rice because each tagging system has advantages and disadvantages and each element may have preferences for sequences of insertion sites.
Microarray Technology
A microarray technology for rice gene-expression studies has been developed by RGP and is now being applied in a number of studies (115) . Oligonucleotidebased probe array (GeneChip) technology, which has been commercially applied for Arabidopsis genes, is also being developed by a private company (119) . We hope that these technologies will immediately be made available to researchers worldwide. Availability of these technologies for various gene expression studies will be essential for future studies on the functions of rice genes.
Positional Cloning
In addition to the use of various tagged lines for gene cloning, it is very useful to have methods to clone genes based on their map positions. There are rich sources of mutations in rice generated by various physical and chemical methods, and many of those have been mapped to specific locations of chromosomes. Recently, it has become feasible to isolate rice genes based on their map positions owing to the development of numerous numbers of molecular markers and the accumulation of practical knowledge required for cloning (4, 9, 94, 98, 104, 112, 118) . The availability of a large amount of information on genomic sequences will have a significant impact on the speed with which gene cloning develops. Furthermore, less space for growing rice plants and less cost for mapping mutations are now required for positional cloning in rice. So far, fewer than 10 genes have been isolated by this method, but the number will increase rapidly with progress in the genome sequencing of rice. Progress in positional cloning of rice genes is very important because it is one of a few methods to isolate genes with novel functions.
One technical difficulty that had been associated with the positional cloning of rice genes was that rice transformation was used to confirm the functions of isolated candidate genes. Until recently, it had been difficult to introduce many gene constructs in rice for the functional identification of isolated genes. Improvement of Agrobacterium-mediated transformation methods (55) made such experiments possible within a reasonable length of time.
Rice genomics has progressed greatly in recent years. All the necessary tools for structural and functional studies of rice genes are rapidly being developed. These changes are expected to spur dramatic and prompt progress in the study of rice genes, and, without doubt, they will contribute toward the better general understanding of plant biology.
RICE REPRODUCTIVE DEVELOPMENT
Rice reproductive development exhibits several features that are not observed in Arabidopsis. One big difference between rice and Arabidopsis is found in their photoperiodic responses. Transition to the reproductive phase is induced under short-day (SD) conditions in rice, whereas it is enhanced under long day (LD) in Arabidopsis. Differences in their inflorescence morphologies are also of great interest. Furthermore, grass species show a highly derived flower morphology (30, 66, 87). Molecular genetic approaches that mainly use Arabidopsis have revealed a number of key genes involved in the control of reproductive development (3, 62, 80, 107, 113) . Knowledge obtained from the studies on dicot species is useful for the understanding of mechanisms controlling reproductive development of rice and other grass species. Furthermore, comparative analysis of key genes in diverse plant species, such as rice and Arabidopsis, should produce important insights into how morphologies and developmental patterns have evolved (18, 59) . Here, we overview recent progress in molecular and genetic approaches for the elucidation of the mechanisms controlling reproductive development of rice and other grass species with an emphasis on the comparative aspects of genes and genetic systems.
Genes Involved in Floral Transition
Recently, several genes involved in the determination of flowering time have been isolated from rice. Hd1 and Hd6 correspond to qualitative trait loci (QTLs) controlling the heading date of rice, and both genes were isolated by the use of fine-scale high-resolution mapping (98, 112) . As the whole genome sequencing project progresses in rice, cloning of genes by map-based techniques is becoming feasible for rice genes, as well as for QTLs. Hd1 encodes a homolog of CONSTANS (CO), which functions in the photoperiodic control of flowering in Arabidopsis (82) . A study using natural allelic variants and transformation analysis indicates that Hd1 might function in the promotion of flowering under SD conditions and in inhibition under LD conditions. This is in contrast to CO, which functions only under the LD condition, the promotive condition for flowering in Arabidopsis. Hd6 is a weaker QTL than Hd1. It encodes an α subunit of casein kinase2 (CK2). Casein kinase2 interacts with the CCA1 protein, a putative circadian oscillator of Arabidopsis (105) . Previous studies have suggested the possible involvement of CK2 in the photoperiodic control of flowering; however, so far, supporting evidence has been limited (96) . Thus, the isolation of CK2α as Hd6 provided direct evidence that CK2 was an important gene for the photoperiod control locus of rice. These studies indicated the possibility that similar genes (putative orthologs) are involved in the control of the day-length responses of flowering in short-day (rice) and long-day plants (Arabidopsis). Apparently, the next question is how different responses to photoperiods are generated using a conserved set of genes. In the photoperiodic sensitivity 5 (se5) mutant of rice, photoperiod sensitivity is completely lost, which results in very early flowering under both SD and LD (117) . Cloning of the SE5 gene by a candidate-cloning method revealed that it encodes a putative heme functioning in phytochrome chromophore biosynthesis (42). Because the photoperiod response is not greatly altered in the loss-of-function mutants of HY1, a putative SE5 ortholog in Arabidopsis (74), the roles of phytochromes in the photoperiod control may be different in rice and Arabidopsis.
Rice Inflorescence Development
The grass inflorescence, called either a spike or a panicle, according to its branching pattern, is formed from the original apical meristem at the top of a plant.
Rice inflorescence is a panicle because it is highly branched ( Figure 1 ). Generally, in most angiosperm species, the arrangement of flowers and the branching pattern are used to describe the inflorescence form (106) . In grass species, flowers, called florets, are produced into a group that is enclosed by a pair of small leaf-like structures called glumes (5) . The group of florets enclosed by glumes is a spikelet, and an arrangement of spikelets, rather than florets, is used to describe grass inflorescence (20). Nevertheless, because the structure of spikelets is also a useful trait to classify the grass species, the number of florets produced in a spikelet and their arrangement are also genetically defined and are considered to be a species-specific characteristic. For example, in maize, short branches consisting of a pair of spikelets, each containing two florets, are produced on the main spike and lateral branches. Only a single floret is formed in a rice or a barley spikelet. On the other hand, a wheat spikelet contains several undefined numbers of florets.
During the inflorescence development in grass species, a series of axillary meristems with distinct identities is produced. The development of a rice panicle has four sequential steps. The first axillary structure produced by the primary shoot apical meristem after the phase transition results in several panicle branches (primary branches). The primary shoot apical meristem then degenerates prematurely after it forms several primary branches and leaves a scar called a degenerated point. This degeneration of the primary apical meristem is unique to rice and not observed in other grass species. The newly formed shoot apical meristems of primary branches initiate the next order of axillary meristems. The first few are secondary branch shoots, and the meristems produced afterward are lateral spikelet meristems. The transition from a spikelet meristem to a floret meristem is unclear in rice because a spikelet contains only a single floret. Finally, the shoot apical meristem of each branch is transformed to a terminal flower. Because the shoot apical meristem of the branch panicle is consumed to form a terminal flower, the growth of rice coinflorescences is determinate ( Figure 1 ).
Meristem Identity Genes in Grasses
Recent molecular genetic approaches using mainly Arabidopsis have successfully revealed a number of key genes involved in the establishment of plant architecture. In particular, extensive progress has been made in the understanding of the genetic network controlling floral meristem initiation and development (62, 80, 107, 113) . In Arabidopsis, the cooperative activity of the floral meristem identity genes, LEAFY (LFY ) (108), APETALA1 (AP1) (64) , and CAULIFLOWER (CAL) (53) , assigns a floral fate to lateral meristems (23). On the other hand, TFL1 is required for the inflorescence meristem to maintain the indeterminate state of the shoot apex (2, 7, 90) .
From a comparative genomics point of view, the function of the homologs of the floral meristem identity genes in rice and other grass species is of great interest. It is possible that the changes of a few key genes account for the evolutionary variations found among diverse plant species, such as rice and Arabidopsis. Putative orthologs of dicot floral meristem identity genes have been isolated from several grass species (26, 44, 57, 58, 61, 68) . We isolated two MADS box genes, RAP1A and RAP1B, showing extensive sequence similarities to AP1 (57) . The RAP1A was specifically expressed in very young floral meristems and outer whorls of the young rice floret, as AP1 is in Arabidopsis (57, 64) . On the other hand, the expression pattern of RFL, rice LFY, was distinct from that of LFY (58, 108) . RFL expression started in the inflorescence meristem from a very early stage of rice panicle development, whereas LFY is expressed in floral meristems. In contrast to the situation in rice, a later onset of an LFY ortholog expression was observed in lolium, a grass species (26). This suggested the possibility that the genetic hierarchy controlling the expression of floral meristem identity genes may not be conserved in grasses. Ectopic expression of LFY in Arabidopsis confers a striking change in the inflorescence form from indeterminate to determinate with the production of a terminal flower in addition to an extreme early flowering phenotype (109) . In contrast, ectopic expressions of the same gene in rice did not cause a dramatic change in panicle morphology but only conferred weak early-flowering phenotypes (35), suggesting a divergence in the genetic network controlling floral meristem initiation, especially in downstream targets of the LFY, a transcription factor, between the two species. In addition to these differences, the amino acid sequences of grass LFY homologs are also divergent. So far, LFY homologs have been isolated from two grass species, rice and ryegrass. Phylogenetic analysis using 42 LFY homologs indicated that the evolutionary rates of monocot LFY homologs are significantly higher than those of other angiosperms (37) (Figure 2) , suggesting that the LFY homolog proteins in monocot species may have divergent functions. Taken together, the three aspects described here, expression patterns, phenotypes caused by the ectopic expression of LFY, and a function as a protein, grass LFY homologs diverge from LFY. LFY encodes a transcription factor unique to plants and a single-copy gene in the Arabidopsis genome (108) . Results obtained so far suggest that RFL is also a single LFY homolog in the rice genome (J. Kyozuka, unpublished results). This makes it unlikely that another duplicated copy of the LFY homolog plays an orthologous role in the development of rice reproduction. To solve this puzzling situation concerning RFL function in rice, analysis of the loss-of-function phenotype of RFL will be required.
In rice fzp [described as fzp2 (37)] mutant plants, spikelets are led to the indeterminate generation of meristems. Thus, the fzp phenotype can be interpreted as the transformation of the floral meristems to inflorescence shoots, as shown in the lfy mutant as well as mutants of LFY orthologs in other dicot species (19, 58, 71, 83, 95, 108) . However, our analysis showed that it is very unlikely that RFL is the causal gene of the fzp mutant (56) . Isolation of the FZP gene, which is now in progress, may provide a clue to understand the mechanisms controlling floral meristem initiation and the function of floral meristem identity genes in rice. 
Determinacy of Meristems in Grass Inflorescences
The determinacy of the meristem is an important feature for the establishment of the inflorescence structure. When the growth of the main axis ends in a flower, the inflorescence is classified as determinate, whereas in an indeterminate inflorescence, the main axis continues to produce lateral structures without turning into a terminal flower. The primary and secondary inflorescences of Arabidopsis do not produce a terminal flower; thus, Arabidopsis inflorescences are indeterminate ( Figure 1 ). This is also the case in maize inflorescences (66) .
The fate of the branch meristem apices in rice inflorescences has been controversial. Some suggest that the panicle branch meristem remains indeterminate and that all the spikelets, including the one formed at the top of each branch, are thus produced laterally. However, in a generally accepted view, the terminal spikelet meristem is transformed from the panicle branch meristem. In the weak allele of the lax mutant of rice, lax-1, the production of lateral spikelets is severely suppressed, although terminal spikelets are normally produced and set seeds (56) . The phenotype of the lax mutant indicates that the initiation of the terminal and lateral spikelets is controlled by different genetic programs, supporting the notion that the shoot apical meristem of rice panicle branches, which is the equivalent of the secondary inflorescences of Arabidopsis, turns into a terminal flower meristem.
The genetic mechanisms controlling the determinacy of the inflorescence have been most intensively studied in Arabidopsis and Antirrhinum. In these two species, TFL1 and its Antirrhinum ortholog CENTRORADIALIS (CEN), respectively, are required for the inflorescence meristem to maintain its indeterminate growth fate. Mutations in TFL1 and CEN result in the inflorescence meristem becoming a terminal flower (2, 6, 7, 90) . The expression patterns of the meristem identity genes established by their mutual regulation explain the molecular basis for the indeterminate nature of the Arabidopsis inflorescence. In Arabidopsis, TFL1 inhibits the expression of LFY and AP1 at the center of the shoot apex to prevent the inflorescence meristem from becoming a floral meristem (60); in turn, LFY and AP1 inhibit TFL1 expression in the lateral meristems committed to a floral fate (23, 108) .
By analogy with the function of the TFL1 gene in Arabidopsis, there are several possibilities to explain the mechanism that controls the production of the terminal flower in the rice panicle. First, the TFL1 functions may be lacking in rice. Second, TFL1 functions are present in rice; however, owing to the divergence in their expression patterns, they do not prevent the expression of floral meristem identity genes at the center of the shoot apex, allowing the formation of a terminal flower. An alternative possibility is that a different mechanism operates to control the determinacy of the inflorescence in rice. At least two TFL1 homologs, which can rescue Arabidopsis tfl1 mutation, exist in the rice genome (J. Kyozuka, unpublished results). Therefore, the first possibility is very unlikely. In addition, LpTFL1, a TFL1 homolog of ryegrass, conferred similar effects to Arabidopsis development when overexpressed by the constitutive 35S promoter, indicating that the LtpTFL1 protein possesses a conserved biochemical function as TFL1 (44) . Taking all the above findings into consideration, the function of TFL1/CEN homologs is probably conserved in grass species. To test the second possibility and reveal how TFL1 functions are involved in the control of inflorescence architecture of grass species, the precise determination of their expression patterns is required.
If an insufficiency of the TFL1-like function in the shoot apex is a cause of the formation of a terminal flower in the panicle branches in rice, a supply of TFL1-like functions should avoid the terminal flower formation and change the fate of a panicle branch meristem from determinate to indeterminate. Overexpression of rice TFL1 homologs in transgenic rice plants causes delays in the transition from the vegetative to the reproductive phase and from branch shoot to floral meristems (J. Kyozuka, unpublished results). These phenotypes are similar to those observed in transgenic dicot plants overexpressing TFL1 homologs (84), suggesting that rice has a pathway that can respond to the overexpressed TFL1 homologs. However, a terminal flower was still produced on the top of each panicle branch. This indicates that the supply of the overexpressed TFL1-like functions is not sufficient to change the nature of the branch meristem from determinate to indeterminate. Thus, the formation of the terminal flower in the rice panicle might be governed by molecular mechanisms that are independent of TFL1-like functions.
As a grass primary shoot apical meristem undergoes a few distinct identities, determinacy can be considered at each phase. The determinacy of a spikelet meristem is controlled by the IDS gene in maize. In the indeterminate spikelet (ids) mutant, the spikelet meristem acquires a partial indeterminacy, leading to the production of additional florets in a single spikelet instead of the two florets observed in a normal maize spikelet (15) . The IDS1 gene was cloned and shown to have a strong homology to APETALA2 (49), although it is still unclear whether it is the closest homolog of AP2 in maize and what the function of the IDS ortholog is in other grasses.
The determinacy of a floral meristem of Arabidopsis is controlled by AGA-MOUS (AG) (114) . Rice and maize AG orthologs have been isolated and their loss-of-function phenotypes reported (50, 67, 88) . Reduction of floral meristem determinacy was observed in maize and rice plants, in which the function of the AG orthologs, ZAG1 and OsMADS3, respectively, was decreased (50, 67). Therefore, the determinacy of the floral meristem in grasses is probably controlled by a conserved system in Arabidopsis.
Another MADS-box gene of rice, OsMADS1, is also involved in the determinacy of a floret (46) . In a strong allele of the rice lhs1 mutant, an additional floret is produced in a spikelet. Detailed observation revealed that the extra florets arose from a whorl of stamens or a carpel. This observation suggested that the extra florets produced are axillary. In this respect, lhs1 resembles the ap1 mutant of Arabidopsis, in which extra flowers often arise in the axils of the first whorl organs. In addition to the production of extra florets, defects in the floret organ number and development were also clear in the lhs1 mutant. Overexpression of OsMADS1 results in an extremely early flowering phenotype (46) . Although RAP1A and RAP1B are closer to AP1 than OsMADS1 on the basis of their sequences, OsMADS1 seems to have a closer function than AP1 with respect to its function.
MADS-box genes have a wide range of functions in plant development (76) . Among their multiple functions, the functions of MADS-box genes are best understood during reproductive development. An increasing number of MADS-box genes have been isolated from rice and other grass species (16, 17, 51, 57, 72, 73, 92) . Further comparative analysis of those genes will shed light on their roles in rice reproductive development.
Genes Involved in Floral Organ Development
Grass species have flowers with highly derived structures (Figure 3) (30, 66, 87) . Recently, questions regarding the evolution of floral organs in grass species are being addressed with the aid of the ABC model (113) . Emerging analysis suggests that the basic mechanisms of flower development are probably conserved between grasses and dicots; therefore, the ABC model can be extended to grass species (30, 66, 87). As the evolutionary aspects of grass flower development have been discussed in a number of recent reviews, we only present a summary of the current status of the applicability of the ABC model to grass species. The expression patterns of putative rice and maize class B and C genes strongly suggest the applicability of the ABC model to grass species. Furthermore, the functions of class B and C gene orthologs have been studied in rice and maize, and those studies have provided useful information regarding the identity of lodicules, which had been unclear for a long time. In the mutant of the maize AP3 ortholog, silky1 (sil1), stamens and lodicules are homeotically transformed into carpels and palea/lemmalike structures, respectively (1). Reduction of rice PI ortholog (OsMADS4) function by an antisense method also resulted in a similar phenotype (50) . These findings imply that there is a homologous relationship between lodicules and petals and that the B function is conserved in grass flowers. OsMADS16 was isolated by a yeast two-hybrid screening using OsMADS4 as a bait (72) . Although the function of OsMADS16 remains to be reported, based on its high sequence similarity with AP3, a physical interaction with OsMADS4, which is a putative PI ortholog, and its spatial expression pattern, OsMADS16 is most likely to be a rice AP3.
Although the ABC model was established based on phenotypes of loss-offunction mutants, results obtained from gain-of-function analysis also fit the model well. Ectopic expression of AG by a constitutive promoter causes homeotic transformation from sepals to carpels and petals to stamens in dicot flowers (63, 70 ). An advantage of using rice for the analysis is that transformation is exceptionally easy as compared with other grass species. In rice, homeotic conversion from lodicules to stamens is caused by the ectopic expression of OsMADS3, a rice AG ortholog, by a strong Actin1 promoter (J. Kyozuka, unpublished data). This added further strong evidence for the interpretation of the lodicule identity. However, in contrast to the progress made toward understanding the identity of lodicules, the nature of the lemma and palea is still unclear. The expression pattern of RAP1A and the phenotype of the sil1 mutant suggest that the palea/lemma is probably the equivalent of the sepals. To confirm this assumption, analysis of the loss-of-function mutants of the grass class A genes is necessary.
DEFENSE SIGNALING IN RICE Disease Resistance in Rice
Disease resistance has been extensively studied in rice because it is one of the most important traits for rice breeding (85, 102). Among pathogens, interactions with rice blast (Magnaporthe grisea) and bacterial blight (Xanthomonas oryzae pv. oryzae or Xoo) have been most extensively studied, and their genetic studies have indicated that the interactions conform to the gene-for-gene hypothesis. Key defense responses such as the hypersensitive response, oxidative burst, phytoalexin synthesis, and defense gene expression during infection of pathogens have been observed during infection of rice pathogens (54, 69) . Moreover, a number of lesion-mimic mutants have been recently characterized (97, 116) . Although molecular biological studies of disease resistance in rice have only recently begun, rapid progress in the near future is expected because of the progress in rice genomics and the ease in the production of transgenic plants.
Disease Resistance Genes
Although a large number of disease resistance genes (R genes) have been isolated from dicotyledonous species (20), only recently have the R genes of rice been isolated. The first rice R gene isolated is Xa21, which confers resistance to bacterial blight. Xa21 encodes a receptor kinase protein carrying leucine-rich repeats (LRR) (94) . Until recently, this had been the only R gene encoding this type of protein.
However, the FLS2 of Arabidopsis, which is thought to be a receptor for the flagellin molecule, has been shown to have a similar structure (29). In both proteins, LRR functions as a receptor and the kinase domain as a signal transducer (28, 34). A swapping experiment between Xa21 and BRI1, a putative receptor for brassinosteroids (BR), demonstrated that, when the extracellular motif of Xa21 was exchanged with that of BRI1, rice cells expressing this chimeric protein exhibited a defense response upon BR addition, indicating that the LRR motif functions as a receptor (34). These two genes are a unique class of R genes in plants; however, it remains to be determined which pathogens are specifically recognized by the Arabidopsis FLS2 protein.
Another cloned rice R gene for bacterial blight is Xa1, which encodes a protein carrying a nucleotide-binding site (NBS) and LRR (118) ; the encoded protein is structurally similar to the most typical group of R genes: RPS2, RPM1, and RPP5 of Arabidopsis, N of tobacco, and L 6 and M of flax. One unique feature of Xa1 compared with other R genes having the same structure is that its expression is induced by infection of bacterial blight, although whether induction is required for resistance remains to be determined. Therefore, two rice R genes conferring resistance to different races of bacterial blight encode proteins of distinct structures.
Two blast resistance genes of rice, Pi-b (104) and Pi-ta (9), have been isolated, and both of them were shown to encode proteins of the NBS-LRR class. One significant observation with the Pi-ta gene was that the Pi-ta protein was able to physically interact with the AVR-Pita protein in the yeast two-hybrid system and in an in vitro binding assay (48) . Despite extensive studies with other R genes in dicots, no such direct interaction has been demonstrated with R proteins and corresponding AVR proteins. Whether this is unique to Pi-ta remains to be seen. Thus, the four rice R genes isolated to date are of two types, a receptor kinase with an LRR motif and the NBS-LRR protein. Characterization of these rice R genes and comparison of these genes with the R genes of Arabidopsis clearly indicate that no structural divergence between rice and Arabidopsis R genes occurred. How differences between the interactions of rice and Arabidopsis with their respective pathogens generate downstream signaling will be of great interest in the future. To perform comparative genomics of R genes, more genes need to be cloned and characterized in rice.
Rac Small G-Protein Genes
The Rac family of small GTPases (also termed Rop) is involved in defense signaling in various plant species (52, 78, 86) . In rice, the constitutively active form of a rice Rac gene induces production of reactive oxygen species (ROS), cell death, and increased disease resistance in transgenic rice plants (52, 78) . ROS production by Rac genes has been also demonstrated in Arabidopsis (81), tobacco (86), and soybean cells (79) . Rac consists of a multigene family, and 11 members have been identified in Arabidopsis (110) . Analysis of the gene family allowed classification of the members into two groups mainly based on the sequences in the insert region that is thought to be involved in signaling and the C-terminal sequences that are important for lipid modification of the Rac proteins. The first group (Group I), which consists of eight members, AtRAC1-6, AtRAC9, and AtRAC11 (110), has a conserved insert region and CXXL at the C-terminal, a typical motif for prenylation. This group of Rac genes seemed to undergo duplications after diversification into two groups during evolution. The second group (Group II), which consists of only three members, AtRAC7, AtRAC8, and AtRAC10, has a distinct insert region and an extension at the C-terminal; in addition, it does not carry the typical CXXL for prenylation. This seemed to be caused by insertion of an additional intron in the C-terminal region (110) . It was also suggested that Group II Rac genes have evolved only in vascular plants (110) .
In rice, 10 members of the Rac gene family have been identified so far based on EST and the genome sequence database of RGP (K. Shimamoto & J. Kyozuka, unpublished results). In contrast to the situation in Arabidopsis, 7 of 10 members in rice are classified into Group II. Extensive duplication of certain members of Group II, such as OsRac2, seems to have occurred. OsRac1, which has been most extensively studied among rice Rac genes, belongs to Group II. The other three members can be classified into Group I. Therefore, the majority of the Rac genes in rice belong to Group II, which is specific to vascular plants. This is in striking contrast to the situation in Arabidopsis. Thus, it will be extremely interesting to carry out a comparative analysis of the functions of Rac genes in rice and Arabidopsis.
Recent studies have indicated that plant Rac proteins show diverse cellular activities such as defense, polar growth in root tips and pollen tubes, ABA-regulated closure of guard cells, and hormone signaling, suggesting that they are involved in many of the important cellular activities of higher plants (101) . Therefore, striking differences between rice and Arabidopsis with respect to the number and sequences of Rac genes may represent evolutionary differences in growth, development, and adaptation to environments between the two species.
Heterotrimeric G Protein
Heterotrimeric G proteins are a major group of signaling molecules in mammals and are mainly responsible for various cellular responses to external signals (33). Heterotrimeric G proteins consist of α, β, and γ subunits, and each subunit consists of a multigene family in mammals (33). In contrast to mammals, only one or two genes for each subunit exist in plants (24). Nevertheless, a large number of studies using inhibitors and agonists suggests that the heterotrimeric G protein is involved in a variety of signaling in plants (8, 24) .
Recent studies using knockout mutants of the single-copy Gα subunit gene in Arabidopsis indicate that the heterotrimeric G protein is involved in auxin signaling (100) and the regulation of ion channels and ABA signaling in guard cells (103) . In another study, in which the same gene was overexpressed, the heterotrimeric G protein was shown to be involved in the phytochrome-mediated inhibition of hypocotyl elongation in Arabidopsis, although the effect appeared to be limited to certain branches of the phytochrome signaling pathways (77) . In rice, mutations in the corresponding single-copy Gα gene result in dwarfism, dark-green leaf, and small round seeds (4, 25) . It has been shown that this rice mutation causes partial loss of gibberellin response (99) . Apparent involvement of the heterotrimeric G protein in several distinct signaling pathways raises an interesting question. How does a single Gα protein mediate multiple signaling functions? Furthermore, an intriguing question is whether the heterotrimeric G protein is involved in distinct signaling pathways in Arabidopsis and rice.
We have recently found that the heterotrimeric G protein is required for disease resistance of rice against fungal and bacterial pathogens (U. Suharsono, T. Kawasaki, H. Satoh & K. Shimamoto, unpublished results). Furthermore, all the key events required for resistance, such as ROS production, induction of defenserelated genes, and cell death, are regulated by the heterotrimeric G protein. This information adds another signaling role to the heterotrimeric G protein in rice. One possible mechanism to explain its role in multiple signaling pathways is that the heterotrimeric G protein may function as an enhancer of certain signaling intermediates commonly used for each signaling pathway. In this case, the heterotrimeric G protein interacts with structurally similar but functionally distinct signaling intermediates. This system works nicely for the crosstalk between different signaling pathways; however, it is not easy to maintain the specificity of signaling. Detailed analysis of how the heterotrimeric G protein is involved in various signaling pathways in rice and Arabidopsis should reveal the diversity in its regulation and function in plants. This will give important insights into comparative genomics of plant genes involved in signal transduction. With this information, a comparative analysis of the heterotrimeric G proteins can be eventually extended even to animals.
NPR1/NIM1 Gene
The NPR1/NIM1 gene of Arabidopsis (10) is a key regulator of salicylic acid (SA)-mediated systemic acquired resistance (SAR) (21). NPR1/NIM1 expression is increased by treatment of Arabidopsis with inducers of SAR including SA, 2,6-dichloroisonicotinic acid, and benzothiadiazole (BTH) (21). Overexpression of the NPR1/NIM1 gene causes enhanced disease resistance to bacterial and oomycete pathogens (11) . The NPR1/NIM1 protein interacts with the TGA family of bZIP transcription factors (21).
Recently, the NPR1/NIM1 gene of Arabidopsis was introduced into rice, and resultant transgenic rice plants showed increased resistance to bacterial blight (12) . Furthermore, it was shown that the Arabidopsis NPR1/NIM1 protein could interact with the rice TGA family of transcription factors (12) . More recently, a rice ortholog of the NPR1/NIM1 gene was isolated, and its overexpression in transgenic rice led to enhanced resistance to bacterial blight (13) . These studies suggest that the NPR1/NIM1-mediated disease-resistance pathway is conserved in rice and that its molecular mechanism may be similar in rice and Arabidopsis.
These findings are very interesting from a comparative genomics point of view. Because SAR has not been well established in cereals, including rice, the role of the NPR1/NIM1 protein in the defense signaling of rice was unexpected. SAR in dicots such as Arabidopsis, tobacco, and cucumber is mediated by increased SA upon pathogen infection. In contrast, rice has constitutively very high levels of SA (93) . Furthermore, SA-deficient rice generated by introduction of the nahG gene does not show alterations in defense gene expression (111) . These findings seem to suggest that SAR, which is induced by increased SA in dicots, does not exist in rice. One contrasting observation is that one SAR-inducing compound, BTH, induces disease resistance to rice blast and expression of certain defense genes (89). Therefore, one possible hypothesis explaining all these observations is that the SAR-like defense pathway is operating in rice and that the NPR1/NIM1 protein is a regulator of this pathway. However, it is independent of SA, and perhaps BTH enhances this resistance pathway. It will be of extreme interest to find out whether such a signaling pathway exists in rice and, if it does, what the key genes in this pathway are. Moreover, it will be interesting to determine to what extent this pathway is conserved in dicots.
CONCLUDING REMARKS
It is clear from our limited comparative analysis of the gene functions between rice and other plant species such as Arabidopsis that structural similarities do not always indicate functional similarities. For a particular multigene family, we often find more copies in rice than in Arabidopsis. Moreover, the number and kinds of members of a gene family are different between the two species. Most importantly, homologous genes are often differently regulated in rice and other species. A detailed elucidation of the structures and functions of homologous genes in monocots and dicots should provide valuable insights into the diversity of higher plants with respect to development, signal transduction, and responses to environmental signals at the molecular level in the future. With the completion of rice genome sequencing, the comparative genomics of rice and Arabidopsis will provide the foundation for such studies in plants. When the genome analysis of other plants is accomplished, comparative genomics will be extended to more diverse plant species.
Visit the Annual Reviews home page at www.annualreviews.org One big difference between the rice and Arabidopsis inflorescences is in the determinacy of the inflorescence meristems. The primary shoot apical meristem of rice loses its activity and leaves a scar called a degenerate point. Then, the inflorescence meristem on each panicle branch is transformed into a terminal floret. In contrast, the development of the primary and secondary inflorescences is indeterminate in Arabidopsis.
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Figure 3
Rice floret and Arabidopsis flower. The rice floret is composed of a lemma, palea, two lodicules, six stamens, and a carpel. An Arabidopsis flower contains four sepals, four petals, six stamens, and two carpels.
